Chemotaxis allows bacteria to follow gradients of nutrients, environmental stimuli, and signaling molecules, optimizing bacterial growth and survival. Escherichia coli has long served as a model of bacterial chemotaxis, and the signal processing by the core of its chemotaxis pathway is well understood. However, most of the research so far has focused on one branch of chemotactic signaling, in which ligands bind to periplasmic sensory domains of transmembrane chemoreceptors and induce a conformational change that is transduced across the membrane to regulate activity of the receptor-associated kinase CheA. Here we quantitatively characterize another, receptor-independent branch of chemotactic signaling that is linked to the sugar uptake through a large family of phosphotransferase systems (PTSs). Using in vivo characterization of intracellular signaling and protein interactions, we demonstrate that signals from cytoplasmic PTS components are transmitted directly to the sensory complexes formed by chemoreceptors, CheA and an adapter protein CheW. We further conclude that despite different modes of sensing, the PTS-and receptor-mediated signals have similar regulatory effects on the conformation of the sensory complexes. As a consequence, both types of signals become integrated and undergo common downstream processing including methylation-dependent adaptation. We propose that such mode of signaling is essential for efficient chemotaxis to PTS substrates and may be common to most bacteria.
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signal transduction | signal integration | fluorescence resonance energy transfer I n Escherichia coli and other bacteria, sensory complexes that consist of chemoreceptors, a kinase CheA, and an adapter protein CheW (Fig. 1A ) are organized in clusters, which amplify and integrate signals through cooperative protein interactions (1, 2) . Canonical chemoeffectors signal by binding to the periplasmic domains of specific receptors, either directly (3) or indirectly via periplasmic binding proteins (4) . Attractant binding promotes the inactive conformation of the receptor-kinase complex and inhibits CheA autophosphorylation. As a consequence, cells that move up a gradient and experience an increase in attractant concentration have a lower level of the tumbling signal CheY-P, which extends their runs in the preferred direction. This initial inhibitory effect of attractant binding is opposed by a methyltransferase CheR, which together with the methylesterase CheB constitutes the adaptation system of the chemotaxis pathway. CheR recognizes the inactive conformation of the receptor dimer, gradually adding methyl groups to four specific glutamate residues at each receptor subunit until higher methylation increases receptor activity back to the prestimulus state. The comparatively slow process of adaptation provides swimming bacteria with a short-term memory for temporal comparisons of ligand concentration, which is key to bacterial chemotaxis strategy (2) . Efficiency of adaptation is further enhanced by CheA-dependent phosphorylation of CheB, which increases its activity, although this negative feedback is not essential for adaptation (5) .
Less investigated are the details of receptor-independent signaling that is mediated by sugar uptake via phosphotransferase systems (PTSs) (6, 7) . The PTS transporters (Fig. 1A) consist of the shared cytoplasmic components EI (gene ptsI) and HPr (gene ptsH), and of several sugar-specific EII components (8, 9) . The major glucose-specific EII (EII Glc ) consists of the membrane component EIIBC Glc (gene ptsG) and the cytoplasmic protein EIIA Glc (gene crr). During their PTS-mediated transport across the membrane, sugar molecules become phosphorylated, which generates a constant flow of phosphate groups from phosphoenolpyruvate (PEP). The resulting reduction in phosphorylation of the cytoplasmic PTS proteins has a variety of regulatory functions, including catabolite repression and control of chemotaxis (8, 9) . Signaling to the chemotaxis pathway further requires the core chemotaxis proteins CheA, CheW, and CheY (7, 10-12) but does not involve transphosphorylation between both systems (13) . Instead it is likely to rely on allosteric inhibition of CheA by the unphosphorylated EI that was observed in vitro (10) .
Here we used fluorescence resonance energy transfer (FRET) to follow in vivo the PTS-induced chemotactic response and to map interactions between PTS and chemotaxis proteins. Our results suggest that PTS signaling to the chemotaxis system is mediated through regulatory interactions of their core components at the chemosensory complexes. We further demonstrate that adaptation to PTS-and receptor-mediated signals relies on the same methylation-dependent mechanism, ensuring identical adaptation kinetics for all types of signaling in chemotaxis.
Results
Molecular Interactions Between PTS and Chemotaxis Proteins. In our study, we focused on the PTS-mediated sensing of glucose, the preferred carbon source of E. coli. Glucose signals to the chemotaxis system both through the periplasmic glucose/galactose binding protein (GBP, gene mglB), which binds to the receptor Trg (4, 14) , and via the PTS (6) . To address the mechanism of signal transduction from the glucose-specific PTS to the chemotaxis pathway, we first tested in vivo all possible binary interactions or immediate proximities between components of the two systems using acceptor photobleaching FRET (15) . In this screen, fusions of chemotaxis and PTS proteins to cyan and yellow fluorescent proteins (CFP and YFP, respectively) were coexpressed pairwise in wild-type E. coli cells, and FRET signals were detected by selectively photobleaching YFP (FRET acceptor) and following ensuing changes in the CFP (FRET donor) emission (Fig. 1B and Figs. S1A and S2). Our analysis yielded four positive pairs (Fig. 1A and Fig. S2A ), with each of EI and EIIA Glc interacting with CheA and CheW. All observed interactions were comparatively weak, with apparent FRET Author contributions: S.N., K.G., and V.S. designed research; S.N. and K.G. performed research; S.N., K.G., and V.S. analyzed data; and S.N., K.G., and V.S. wrote the paper.
efficiencies being between 0.5 and 1% (Fig. S2A) , which is below the values observed in our assay for typical stable protein complexes (e.g., ∼2% for CheA/CheA) (15), but reproducibly above the negative control (Fig. 1B and Fig. S2C ). The interactions between chemotaxis and PTS proteins were apparently stabilized by the presence of chemoreceptors, because neither of these interactions was observed in a strain deleted for all chemoreceptors or in a ΔflhC strain lacking the master activator of chemotaxis and flagellar gene expression (Fig. 1B and Fig. S2 B and C). EI and EIIA Glc may thus specifically bind to CheA and/ or CheW assembled into the sensory complexes and not (or with lower affinity) to their unbound forms, likely explaining why the allosteric regulation of free CheA required an unphysiologically high excess of EI in vitro (10) .
Consistent with the apparent weakness of their interactions, no localization of the PTS proteins to chemoreceptor clusters was observed under our experimental conditions (Fig. S3) . Because fluorescent protein fusions to the cytoplasmic PTS components were functional for PTS chemotaxis (Fig. S4) , we conclude that previously reported intracellular localization of PTS proteins (16) is not generally required for their function. Moreover, the observed interactions showed no apparent dependence on stimulation with glucose, suggesting that signal transmission from the PTS to the chemotaxis system relies on allosteric regulation within existing complexes rather than on phosphorylation-dependent changes in protein affinities.
PTS Complements Receptor-Mediated Response to Glucose. To quantify the pathway response to glucose, we used a FRET-based reporter that relies on the phosphorylation-dependent interaction between CheY-YFP and its phosphatase CheZ-CFP to monitor the intracellular pathway activity in real time ( Fig. S1B) (17, 18) . Measurements of Trg-and PTS-mediated responses showed that these two modes of sensing operate at different glucose concentrations. In wild-type cells preequilibrated in buffer, where sensing is dominated by Trg, the glucose concentration at the halfmaximal response (EC 50 ) was ∼30 nM (Fig. 2A) . The value for the PTS-mediated response in the absence of Trg was about 10-fold higher. Notably, saturating stimulation via the PTS also exerted weaker inhibitory effect on activity of the chemosensory complexes than receptor-mediated stimulation.
That the Trg-and PTS-mediated modes of glucose sensing are complementary is even more apparent when comparing the dynamic range of concentrations over which cells can respond and adapt to a ligand (Fig. 2B) . Measurements of the dynamic range were performed as before (19) by increasing sugar concentration in approximately threefold steps (Fig. S1C) , which exposes the chemotaxis system to a nearly constant stimulus (20, 21) . Because deletion of the PTS components affects expression of the chemotaxis genes via catabolite repression, the Trg-only response to glucose was approximated here by the wild-type response to galactose, which has the same signaling mode and a nearly identical binding affinity to GBP as glucose but is not a PTS substrate (4, 19) (Fig. 2A) . We observed that the PTS-mediated response expands the dynamic range of glucose sensing by the chemotaxis system, peaking at concentrations where the Trg-mediated response decreases due to the saturation of the GBP (19) . In the wild-type cells, the receptor-and PTS-mediated responses were approximately additive. The observed peak of the PTS-mediated response (∼1 μM) is consistent with the value deduced from studies of adaptation dynamics (11) and slightly lower than the apparent K m of the PTS-mediated glucose uptake (5 μM) (7). The dynamic range was similarly narrow for both the Trg-mediated and PTS-mediated response, suggesting that adaptation does not modulate the ligand binding affinity in either case (19) .
Response Sensitivity and Integration of Receptor-and PTS-Mediated
Stimuli. We next characterized the response sensitivity (S R ), defined as the ratio between the fractional change in kinase activity (ΔA/A) and the fractional change in ligand concentration (ΔL/L) (17, 19) . The value of S R reflects the strength of the inhibition of sensory complexes by a given ligand (19) . To determine this value, cells were preadapted to 500 nM glucose (or galactose), around the peak of the PTS-mediated response, and the initial slope of the normalized dose-response curves was determined (Fig. 2C) . The calculated sensitivity for the wild-type response to glucose (1.00 ± 0.04) was approximately the sum of the sensitivities of the Trg-mediated response (0.31 ± 0.03) and the PTSmediated response (0.74 ± 0.10), validating the additivity of these responses. Moreover, maximal sensitivity of the PTS-mediated response achieved at the peak of its dynamic range (S R P ) was much lower than the sensitivity of the receptor-mediated response (19) (Fig. 2D) , confirming relative weakness of the inhibition of the chemosensory complex activity via the PTS.
We further observed that adaptation to saturating concentrations of glucose in a Δtrg strain did not affect the response to the receptor-binding ligand MeAsp but eliminated the chemotactic response to other PTS ligands, such as mannitol (Fig. 2E ). This result indicates that, whereas receptor-and PTS-mediated stimuli are independently sensed, individual PTS stimuli effectively compete with each other.
Receptor Methylation Controls PTS-Mediated Response. To better understand the mechanism of adaptation in PTS-mediated signaling, we first compared adaptation kinetics for PTS-and receptor-mediated stimuli. When plotted against the response strength, the adaptation time for the PTS-and receptor-mediated response showed a similar dose dependence (Fig. 3A) . This similarity was further demonstrated by a nearly identical adaptation time course for glucose and MeAsp stimuli of similar strength (Fig. 3A, Inset) . These data strongly suggest that the same methylation-based adaptation operates for both types of stimuli. Nevertheless, the response and adaptation to the PTSmediated stimuli was apparently not receptor specific, because either one of the major receptors, Tar or Tsr, was sufficient to mediate PTS signaling (Fig. 3B) .
We further observed that the PTS-mediated response to glucose strongly depends on the activity state of chemoreceptors. The response was clearly visible in a receptorless Δ(cheR cheB) strain expressing Tar QEEE (Fig. 3C) , which has one of four possible methylation sites replaced by a glutamine that is similar to methylated glutamate. This modification mimics the low levels of receptor methylation and activity in CheR + CheB + cells (22, 23) . In contrast, no attractant-like response to glucose could be observed in the same background strain expressing highermodified Tar QEQE ( Fig. 3D and Fig. S5A ) that is more active (22) ; instead a weak but reproducible up-regulation of the CheY/ CheZ interaction was observed. This latter effect was apparently independent of all other chemotaxis proteins (Fig. S5B ) and might be explained by the glucose-stimulated up-regulation of the intracellular level of acetyl phosphate, a known phosphodonor for CheY (24) . The inability of the PTS signal to inhibit the highly active Tar QEQE receptors was likely due to the aforementioned weakness of the PTS signal, and indeed a clear response was observed when the activity of Tar QEQE was lowered by prestimulation with subsaturating concentrations of MeAsp (Fig. 3D and Fig. S5A ). Moreover, both amplitude and EC 50 of (Rib) and other attractants at the peaks of their respective dynamic range were measured previously and normalized to the fraction of ligand-specific receptors in the total receptor pool (19) . (E) Effect of adaptation to glucose on the response to other ligands in Δtrg cells. The response was followed as a change in the ratio of YFP to CFP fluorescence due to FRET, with a higher ratio corresponding to higher FRET signal and therefore higher pathway activity. Addition and removal of mannitol (Mtl) and other attractants are indicated by down and up arrows, respectively. Gray bar indicates presence of glucose in the background, over which other stimuli were added. Gradual drift of the YFP/CFP ratio base line arises from a relatively faster loss of the CFP fluorescence over the time course of the measurement.
the response to glucose changed with the level of receptor activity (Fig. 3D) , confirming that receptors are directly involved in the processing of PTS stimuli.
Most importantly, the PTS-mediated response in Δ(cheR cheB) strains was nonadaptive (Fig. 3C and Fig. S5A ), demonstrating that receptor methylation is in fact required for adaptation to PTS stimuli. Consistent with the involvement of the methylation system, adaptation of CheR + CheB + cells to a saturating PTSmediated glucose stimulation influenced the level of receptor methylation, as observed by the increased mobility of highermodified receptors in an SDS/PAGE gel ( Fig. 3E and Fig. S6 ). In a strain expressing Tar as the only receptor, the change in methylation was similar to that elicited by a MeAsp stimulus of comparable magnitude (Fig. 3E and Fig. S6A ). In the wild-type cells, methylation of both Tar and Tsr was affected (Fig. S6 B and  C) , although the exact magnitude of changes for individual receptors was difficult to assess because of a partial overlap between Tsr and Tar bands on the gel. Although these results appear to contradict a previous study reporting methylationindependent adaptation to PTS substrates (25), we believe that the high sugar concentration used in those experiments (10 mM) might have led to PTS-independent effects on the chemotaxis system, such as those mediated by energy taxis (26) .
CheB Phosphorylation Is Not Essential for Adaptation to PTS Stimuli.
In principle, PTS stimuli can promote increased receptor methylation either directly, by inactivating receptors to make them better substrates for CheR or indirectly, by reducing CheB phosphorylation and thereby downregulating the rate of demethylation. We ruled out the second mechanism by showing that CheB phosphorylation is not required for adaptation to the PTSmediated glucose response. Adaptation was clearly visible in a Δtrg ΔcheB strain that expresses either the wild-type CheB (Fig. 4A ) or CheB C (Fig. 4B) , the catalytic domain of CheB that cannot be phosphorylated and is constitutively active (27) . This result unambiguously demonstrates that the regulatory interactions between the PTS and the chemotaxis pathway must directly affect the activity state of chemoreceptors, leading to subsequent methylation-dependent adaptation.
Discussion
Although the involvement of PTS-mediated sugar transport in chemotaxis has been long established (6, 7) , the interplay between the PTS-and receptor-mediated chemotactic signaling remained largely unclear. Consistent with the previously observed allosteric inhibition of CheA activity by unphosphorylated EI (10), our in vivo data suggest that signaling from the PTS is mediated by interactions of EI, and possibly EIIA Glc , with core components of the chemosensory complexes, CheA and CheW (Fig. 1A and Fig. S7 ). These interactions apparently depend on the formation of ternary receptor-CheW-CheA complexes, which may explain why a large excess of EI was needed to regulate the activity of free CheA in vitro (10) . Most importantly, we provide evidence that dephosphorylation of the PTS proteins bound at sensory complexes lowers the activity of the entire complex, rather than of CheA alone as assumed in previous (Fig. S5A) . Response of cells expressing Tar QEEE as in C is also shown. (E) Change of receptor methylation pattern in response to PTS-or receptor-mediated stimuli. Cells (Δtrg Δtsr) were stimulated by indicated amounts of MeAsp or glucose for 2 min and the distribution of Tar methylation levels was measured using immunoblotting (Fig. S6A) . Intensity profiles reflect receptor mobility on the SDS/PAGE gel, with higher receptor mobility corresponding to higher methylation. For better comparison, each profile curve was normalized to the integral intensity of all bands within the respective lane after subtraction of the background. models. Because sensory complexes are believed to switch between active and inactive states as single cooperative units (2), inhibitory effects on CheA and CheW can be transmitted to receptors favoring their inactive conformation (Fig. S7B) , much the same way as ligand binding to receptors favors the inactive conformation of CheA (Fig. S7A) . As a consequence, adaptation to PTS stimuli can be mediated by the same regulatory feedback from receptor activity to the methylation system. Such common processing of receptor-and PTS-mediated signals is of fundamental importance for chemotaxis, because it inherently ensures the same (optimal) relation between the strength of the initial response and the duration of subsequent adaptation for both types of stimuli, as well as the high precision of adaptation for PTS stimuli-two important features of the overall chemotaxis strategy (2, 28) .
We further conclude that receptor-and PTS-mediated signals are additive and that adaptation to a receptor-mediated stimulus does not affect response sensitivity to a PTS stimulus and vice versa, as already reported for different receptor-mediated stimuli (19) . However, because chemotactic adaptation to PTS stimuli occurs "downstream" of the PTS, preexposure to saturating levels of one PTS substrate inhibits the response to other PTS ligands (Fig. S7B) , similar to the mutual inhibition observed for competitive binding of two ligands to the same binding site on a receptor (Fig. S7A) . The PTS signal to the chemotaxis pathway thus provides an already "integrated" readout of the overall PTS-mediated sugar uptake. This mode of signaling may allow cells to establish preferences for individual sugars within the PTS network itself and accumulate in regions of maximal PTS-mediated sugar uptake.
Because of the observed dependence of the PTS-chemotaxis interactions on ternary complex formation, it remains unclear whether EI and EIIA Glc directly interact with both CheA and CheW or whether interaction with one of these proteins (e.g., CheA) serves as a scaffold to bring the respective PTS component into the immediate vicinity of the other protein (e.g., CheW) to yield a FRET signal. Furthermore, it cannot be excluded that EI and EIIA Glc directly interact with the conserved cytoplasmic tip of the receptor dimer, because large molecular distance may preclude energy transfer between a fusion protein bound at the cytoplasmic tip and the C-terminal fluorophore tag of the receptor (15) . In any case, the observed interactions between chemosensory complexes and PTS proteins appear to be weak, consistent with the apparent lack of localization of the PTS components to chemosensory clusters and with the weakness of chemosensory complex inhibition by PTS signals. Because no apparent dependence on glucose stimulation could be observed for these interactions, regulatory signals are likely to be transmitted from the PTS to the chemotaxis system via phosphorylation-induced conformational changes within protein complexes rather than by strong changes in protein binding affinities (Fig. S7B) .
From the perspective of cell physiology, the involvement of EI and EIIA Glc in signaling to the chemotaxis pathway is consistent with their central roles in the PTS network and propensity to regulate cellular functions (8, 9) . EI provides a convergence point for all sugar-specific PTS branches, and the level of EI phosphorylation thus reflects the overall rate of sugar transport through the PTS network. And although EIIA Glc is a more specific component of the PTS branches responsible for uptake of glucose, maltose, and trehalose, the uptake of other sugars also affects EIIA Glc phosphorylation because phosphotransfer reactions within the PTS are reversible (9) .
Methods
Strains and Plasmids. All plasmids and strains used in this study are listed in Table S1 . Deletions of trg, flhC, and pts genes were performed by P1 transduction using RP1131 or the listed strains from the Keio collection (29) as donors. For KG28, the kanamycin resistance cassette was flipped out using the temperature-sensitive plasmid pCP20 that encodes FLP recombinase (30) .
Soft Agar Plates. Functionality of fluorescent protein fusions to the PTS components was tested on Tanaka minimal medium (31) supplemented with 0.3% (wt/vol) agar, 1 mM glucose, 100 µg/mL ampicillin, and 20 μM IPTG to induce expression of plasmid-encoded fusion proteins.
Preparation of Cells. Bacteria were grown as before (19) at 34°C and 275 rpm in 10 mL tryptone broth (TB) supplemented with appropriate antibiotics (100 μg/mL ampicillin, 34 μg/mL chloramphenicol, 50 μg/mL kanamycin) and specific inducers (Table S1 ) to OD 600 of 0.45. Cells were then harvested by centrifugation (10 min at 5,000 × g) and resuspended in 10 mL tethering buffer (10 mM KPO 4 , 0.1 mM EDTA, 1 μM methionine, 10 mM lactic acid, 67 mM NaCl, pH 7).
Fluorescence Imaging and FRET. Fluorescence imaging and FRET experiments were performed as described previously (15, (17) (18) (19) . For acceptor photobleaching FRET, bacteria were applied to a thin agarose pad (1% agarose in tethering buffer) and YFP photobleaching was achieved by a brief 20-s illumination using a 532-nm laser. Integral CFP fluorescence of a field of several hundred cells was recorded before and after bleaching with 1-s integration time using photon counters. For stimulus-dependent FRET measurements cells were attached to a polylysine-coated coverslip and placed into a flow chamber of 50 μL volume, which was kept under constant flow of tethering buffer (500 μL/min) by a syringe pump that was stopped briefly to add and remove attractants. Changes in FRET upon stimulation were calculated from changes in the YFP/CFP ratio of a field of cells (18, 23) .
Immunoblotting. Immunoblotting and data analysis were performed as before (19, 23) . Samples were separated on an 8% (wt/vol) SDS polyacrylamide gel for 17 h, blotted on a nitrocellulose membrane, and analyzed using primary polyclonal anti-Tar antibody and goat antirabbit IRDye 800 conjugated secondary antibody (Rockland), both diluted 1:10,000. Membranes were scanned with an Odyssey Imager (LI-COR) and intensity profiles of the protein distribution within a lane were evaluated using ImageJ software (http://rsbweb.nih.gov/ij). (Table S1 ). The higher level of FRET in the glucose-adapted cells most likely results from CheA-independent phosphorylation of CheY (Fig. 3D and Fig. S4B ).
